The trifluoromethyl group has unique functional properties and is widely used not only in organic chemistry, but also in pharmaceutical and agrochemical science. Here we describe trifluoromethylation reactions of indoles and alkenes using Togni's reagent. These reactions provide useful trifluoromethylated organic compounds, including heterocycles, with high efficiency.
Introduction
Introduction of a trifluoromethyl group into organic frameworks is an important strategy for improving metabolic stability, lipophilicity and selectivity of bioactive compounds in pharmaceutical and agrochemical research [1] . The trifluoromethyl group can be introduced not only on sp 2 carbon, but also on sp 3 carbon [2, 3] . Construction of C sp2 -CF 3 bonds has been studied for a long time and recently a catalytic version of this transformation has been reported [2] . On the other hand, C sp3 -CF 3 bond formation generally utilizes the properties of the carbonyl group, though recently trifluoromethylation based on alkene transformation has been developed [3] . Since heterocyclic structures are frequently found in natural products and bioactive synthetic compounds [4] , there is a particular need for methods to obtain heterocycles bearing a trifluoromethyl group and also for direct introduction of a trifluoromethyl group into heterocycles at a late stage.
Our group has investigated metal-catalyzed asymmetric fluorination reactions using the electrophilic fluorination reagent N-fluorobenzenesulfonimide (NFSI), and has synthesized optically active heterocycles bearing a fluorine atom on a chiral center [5] . But, there is increasing interest in trifluoromethylation of heterocycles, especially catalytic trifluoromethylation coupled with construction of heterocycles [6] . Therefore, our focus has moved to the development of synthetic methods for heterocycles bearing a trifluoromethyl group. Herein, we present our recent work on trifluoromethylation of indoles and trifluoromethylation of alkenes to obtain trifluoromethylated heterocycles.
Trifluoromethylation of indole derivatives
The indole framework is a privileged core structure found in natural products and bioactive compounds, and trifluoromethylated indole derivatives are expected to show potent bioactivities [7] . They have generally been prepared by utilizing indole synthetic methods, such as Fisher indole synthesis, with trifluoromethylated molecules [8, 9] . When we started to study trifluoromethylation chemistry, examples of direct trifluoromethylation of indoles were rare, though addition of trifluoromethyl radical generated from trifluoromethyl iodide to an indole under photo-irradiation had been reported [10] . Unfortunately, the efficiency of the method was only modest. Considering the potential utility of late-stage introduction of a functional group in biochemical studies, effective direct trifluoromethylation methods for indole derivatives would be very desirable [11, 12] . Therefore, we first examined trifluoromethylation of indoles [13] .
Copper-catalyzed C2-trifluoromethylation of indoles
We chose an electrophilic trifluoromethylation reagent, hypervalent iodine reagent 1 (Togni's reagent) [14] , for development of trifluoromethylation of indole derivatives, due to its nucleophilic character. Initially, we treated 3-methylindole 2 with 1 under an argon atmosphere. However, the trifluoromethylation did not proceed. Togni's reagent 1 contains a carboxylate moiety and Togni and co-workers have already disclosed that coordination of oxygen of the carbonyl moiety to metal ion activated the I III -CF 3 bond and accelerated trifluoromethylation using 1 [14b] . Based on that report, we anticipated that a catalytic amount of metal ion might allow the target reaction to proceed. During screening of conditions, we found that use of CuOAc as a catalyst in MeOH provided the best results [13] . 3-Substituted indole derivatives selectively provided C2-tri fluoromethylated products (Table 1) . Although an electron-withdrawing group at the 3-position retarded the reaction, various functional groups were tolerant of these reaction conditions. The reactions of melatonin, tryptamine, and triptophan derivatives proceeded smoothly and the corresponding products were obtained in good to high yields. In addition, it was found that N-substituted indoles were good substrates.
This reaction was also applicable to indole bearing no 3-substituent. When simple indole was subjected to our reaction, the chemical yield was only 35 %. However, the yields of the desired products were enhanced by the introduction of a substituent on the nitrogen. Notably, C2-trifluoromethylated products were obtained selectively in these reactions (Scheme 1). 
Trifluoromethylation of indoles using trimethylsilyltriflate as a catalyst
In the course of our studies to establish the effect of N-substituents on the trifluoromethylation of indole derivatives (vide supra), we encountered curious results (Scheme 2) [15] . Desilylated di-trifluoromethylated product 4k was obtained in 10 % yield when N-trimethylsilyl(TMS)-3-methylindole was used as the substrate, while the reaction of N-tert-butyldimethylsilyl(TBDMS)-3-methylindole afforded only the C2-trifluoromethylated product in 47 % yield with no di-trifluoromethylated product. It is noteworthy that the di-trifluoromethylated product could be obtained only when desilylation was observed. Based on this phenomenon, we hypothesized that silyl cation could work as an effective catalyst for trifluoromethylation using Togni's reagent 1.
In line with our hypothesis, TMSOTf (a representative source of silyl cation species) was used as a catalyst. Dichloromethane (CH 2 Cl 2 ) was chosen instead of MeOH, because TMSOTf was not stable in the protic solvent. The reaction with 2k was examined under the described conditions ( Table 2 , entry 1) [15] . It was found that the reaction using TMSOTf was much faster than the reaction using copper catalyst. Only 5 min was required for this transformation and 3k was isolated in 71 % yield, together with a 7 % yield of di-trifluoromethylated product 4k. Encouraged by this result, we investigated various indole derivatives (Table 1 ). An electron-donating methoxy group on the phenyl ring afforded di-trifluoromethylated product 4a in 19 % yield, while mono-trifluoromethylated product 3a was obtained in 60 % yield (entry 2). Under these reaction conditions, various functional groups, such as an aryl bromide, amide, and N-silyl group, remained intact, as was the case in the reaction with CuOAc as a catalyst (entries 3-5, 7) . Unfortunately, the reaction of indole 2h bearing no 3-substituent provided mainly dimerization product 5 in 47 % yield, though 3h was obtained in 26 % yield (entry 8). The by-product might have been formed due to the high acidity of the reaction medium. Interestingly, N-TBDMS tolerated the acidic environment and the di-trifluoromethylation product was not formed (entry 7).
Oxy-trifluoromethylation of styrene derivatives
Along with trifluoromethylation of heterocycles, we have investigated the trifluoromethylation of alkenes. During the trifluoromethylation of allylsilanes, methoxy-di-trifluoromethylation product 8 was observed when a substrate having an electron-rich aromatic ring was used (Scheme 3) [16] . We hypothesized that this product would be formed from mono-trifluoromethylated product 7 via cationic intermediate A.
Inspired by this idea, we attempted to develop the oxy-trifluoromethylation to prepare multifunctional products. Screening of the reaction conditions indicated that cationic copper salt, [(MeCN) 4 Cu]PF 6 , was the best catalyst for the oxy-trifluoromethylation. The selected products are summarized in Table 3 [17] . As expected, the reaction of styrene derivatives bearing an electron-rich aromatic ring was faster. An ortho-substituent on the aryl ring delayed the trifluoromethylation. But, although a longer reaction time was required, 10c was obtained in 86 % yield. Other styrene derivatives having heteroatoms on the aryl ring were successfully transformed to the corresponding products in high yields under mild conditions. It is noteworthy that heterocyclic compounds could serve as substrates for this trifluoromethylation (10f, 10g, and 10h) . In addition, this protocol converted 1,1-disubstituted diene 9j to 1,2-oxy-trifluoromethylation product 10j in 97 % yield. It should be mentioned that some related oxy-trifluoromethylation reactions have recently been reported [18] . Interestingly, the use of para-toluenesulfonic acid (p-TsOH) resulted in formation of a different product. That is, the Heck-type products could be obtained in the presence of p-TsOH under the standard conditions of the oxy-trifluoromethylation (Scheme 4a) [17] . Since compound 11a was obtained by treatment of 10a with p-TsOH in 85 % yield, we supposed that this reaction would proceed via oxy-trifluoromethylation and E1 reaction (Scheme 4b). Notably, these reactions provided only the trans isomer. β-Trifluoromethylstyrene derivatives have been synthesized by Wittig-type reaction or metal-catalyzed cross-coupling reactions, but the stereoselectivity of the generated C = C bond has been problematic [19] . Thus, we believe that this method provides a new entry for synthesis of β-trifluoromethylstyrene derivatives.
Amino-trifluoromethylation of alkenylamine derivatives
Heterocycles, such as an aziridine and pyrrolidine, are often key structures of bioactive compounds and their synthetic intermediates. Therefore, we next focused on trifluoromethylation with concomitant formation of a heterocyclic moiety via C-N bond formation. Fortunately, we found that alkenyl amine derivatives were good substrates for the amino-trifluoromethylation [20] . In this reaction, the reaction solvent was crucial to determine the product. Aziridines was selectively obtained from allylamine derivatives when CH 2 Cl 2 was used as a solvent (Table 4) , while amino esters were obtained in 12 h when t-BuOH was used as a solvent (Scheme 5). As with the above reactions, various functional groups were tolerant of these reaction conditions. This aminotrifluoromethylation was also applicable for pyrrolidine ring formation in t-BuOH (13e). On the other hand, amino ester derivatives 14 were produced through amino-trifluoromethylation and ring-opening reaction of aziridine with 2-iodobenzoate derived from Togni's reagent 1. Because amino alcohols and acids are present in many bioactive compounds, their trifluoromethylated derivatives are potentially of great interest in medicinal chemistry [21] . Table 4 Amino-trifluoromethylation of alkenyl amine derivatives. Based on the results of N-migratory oxy-trifluoromethylation, we anticipated that the aziridine, which was generated in situ, could be further transformed with another nucleophile. Although an additional Lewis acid, such as AgBF 4 or BF 3 ·Et 2 O, was required in the aziridine ring-opening step, three-component couplingtype trifluoromethylation was successfully realized and multifunctionalized β-trifluoromethyl amine derivatives were obtained in good to high yields (Scheme 6). In this reaction, thiols, anilines, alcohols, and indole worked as the nucleophile.
Carbo-trifluoromethylation of alkenes
Another approach for synthesis of heterocycles bearing a trifluoromethyl group is carbo-trifluoromethylation of alkenes bearing a heteroatom tether. The carbo-trifluoromethylation of alkenes was achieved using CuI/ Togni's reagent system (Table 5 ) [22] . Although it is well known that oxidative trifluoromethylation of alkenes bearing allylic protons provides allylic trifluoromethylated compounds through deprotonative trifluoromethylation [23], carbo-trifluoromethylation products were selectively obtained under these reaction conditions. Not only the N-Boc group but also the N-t-butyldimethylsilyl group were tolerant of the reaction conditions, and five and six-membered rings were successfully formed (22a-d). In addition, this protocol could be applied for formation of carbocycles bearing a trifluoromethyl group in high yields (22e, 22f).
During our studies on this carbo-trifluoromethylation, Liu and co-workers reported palladium/ytterbiumcatalyzed trifluoromethylation of acryloanilides using a TMSCF 3 /PhI(OAc) 2 /CsF system to afford oxindole 22a, P = Boc: 85 % 22b, P = TBS: 67 % Table 6 Carbo-trifluoromethylation of acryloanilides using 1. derivatives [24] . In their report, use of electrophilic trifluoromethylation reagents including Togni's reagent 1 was not effective for this reaction. However, we had already found that carbo-trifluoromethylation of acryloanilide using Togni's reagent 1 proceeded in the presence of copper catalyst [25] . Therefore, we explored the feasibility of carbo-trifluoromethylation to produce oxindoles from acryloanilides. Representative results are shown in Table 6 . As with other trifluoromethylations using 1, aryl halides remained intact and the corresponding products were formed in high yields (24b-d). A substituent at the N1 position had no effect on the reaction (24e). Although a bulky substituent on vinylic carbon usually blocked the trifluoromethylation, the reaction of acryloanilides bearing a phenyl group and protected amino-methyl group at R 3 proceeded smoothly (24f, 24g) [26] .
Conclusion
In this report, we have described the trifluoromethylation reactions of indole derivatives and alkenes using Togni's reagent. The reactions provide heterocycles bearing a trifluoromethyl group, which are expected to be useful intermediates for synthesis of bioactive compounds. In the reaction of indoles, it is noteworthy that selective C2-trifluoromethylation was observed. On the other hand, many types of heterocycles bearing a trifluoromethyl group could be obtained from alkenes by making an appropriate of nucleophile. We believe that these protocols will find wide application, especially in medicinal chemistry.
